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Abltnct
Light dctectio! in v€rt€bntc 
€yes is mediated through retinal photoreceptor rod and con€ calls that transduce light signals i o elcctrical
rEsporucs. The diff€r€ntiation and synaptogenesis of photoreceptor c€lls ar€ especisly important since thcse cells lre thc main targeb of
degcneration in rEtinitis pigmcntos& We plducrd transgenic micc that ereress enhanced green fluorescent protcin (EGFP) under the control
of the mouse rhodopsi! gme promot€r. ln Westcm blot .nalys€s oftarsgenic retinal homogedsics, crpression ofthe endogenous rhodopoin
gene was dctectod iom po*-natal day @)8; hon wer, EGFP €ryn€ssion in EsDsgenic rainas rns initially det€ctrd al pl2, itdicating delryed
e!|o'E.i^n 
^f rhc tnnco6. Ar Pll fl,,r."-.-- . !^yrsrvu vr !4Dl!r!! rllrrr
ts.usgcdc uricc, thc strougcst EGFP cxprcssiol was observed in the outer oucleir laysr, atrd to a less€r extent in the outer plexiform lay€r as
well as in the inner and orrte. se.qnenls. FCFP expression vas also obs€rv€d in th€ pineal stelk. The ftodopsin promoer-EcFp transgenic
mice will b€ oot only w€fuI to ass€ss rhodopdio gene promobr activity io vivo, but also for r€tin8l tansplant;tudies as a 6ourc€ offr.nctional
photorec€ptor c€lls that are fluorescent green.
O 2005 Elsevicr Irelad Ltd All righb rrs€rvcd.
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The retina bas been the taryet of many developmental stud-
ies, because of interest in using the retina as a model for
^ili; ;aitra! ncn.o'.rs system development. Histological studies
of marnnalian retinal neurogenesis have revealed the pro-
cesses of neuroepithelial cell development into the highty-
organize{ multilayered retlna 1241. Cell lineage tracing in
mammals revealed that retinal progenitor cells arc multipo-
i.- i.1 :i.-: ;.-r::i *,,i;. :l-ili--, .i.i ,..i, i;ii ..,ario s Cell LwpeS
such as ganglion cells, horizontal cells, cone-photoreceptos,
amacrine cells, rod-photoreceptors, bipolar cells and Mffller
glia cells [7,28]. Many recent studies are focusing on the
transcription factors requircd for retinal cell diversification
' Co.rBpoodiq auior Tal: +tl 16 4y 7221i hrr: +81 ?6 434 5Ol4-
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|,3,7,10,18,19,23,25,261. In many cases of hunan retinal
degenerative diseas€, photoreceptor cells are the targets of
neurodegeneration, while the neurons ofthe inner retina are
well preserved [24].
Rbodopsin, which is pierenr in mifitre rod-phoforece?tor
cells, is a 40-k-Da transmembrane apoprotein that hans-
duces light siglfrals into a G-protein mediated signal cas-
cade [6]. A point mutation in o<on I of the human
opsin gene has been shown to cauae one form of auto-
somsl dominant rctinitis pignrentosa [8]. To date, more
thnn 100 mutations in opsin gene which can lead to re-
tinitis pip.entosa are reported (see for example tables in
RetNet: http://www.sph.uth.trnc.edu./Rehetftome.htm). In-
terestingly, rtodopsin-null mice almost complet€ly lose their
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results indicate that rhodopsin is a key molecule in the organi-
zation and maintenance ofrod photoreceptor cells. Tberefore,
rhodopsin gene expression in vivo can be a good marker to
assess tbe maturation process as well as the viability ofpho-
torec€ptor cells.
Since the cDNA cloning of gr€en fluor€scent protein
(GFP) in 1992, this molecule has been used as a valuable
biomarker in a large number of biological systems. Unlike
other previously developed marters such as Escherichia coli
P-galactosidase, GFP can act as a powerfirl cbromophore
without additional cofrctors [5]. When excited by blue or
ultraviolet light, GFP emits green fluor$c€nce at a wave-
length of 510 nm. In the Fesent study, we have for the first
time produced a transgenic mouse carrying the genuine en-
hanced green fluorescent protein (EGFP) gene controlled by
the mouse rtodopsin gene promot€r and chrracterized the de-
velopmental and spotial expression ofEGFP in the transgenic
mice.
Mouse rhodopsin prcmoter DNA was cloned by poly-
merase chain reaction @CR) of embryonic stem cellderived
high molecular weight genomic DNA. Primers used in
the PCR were 5'-CCQIQE4CGTCGAGGCTCAGAGAG-
GAATACTTC-3/ and 5'-CC&!QCT'!CGTAGACAGA-
GACCAAGCCTGC-3'; these sequences correspond to
the nucleotides 
-1322 lo -1298 and +65 to +41 of
mouse opsin gene (EMBL data bank accession num-
ber M55l7l; Ref. [2]) and contain SalI and li'ndIII
sites (underlined sequences), respectively. The cDNA
encoding EGFP was amplified by PCR with primen'
5'-AA44ACTTTCCACCGGTCGCCACCATGGT-3' and
5'-AA4CI4GITTACTTCTACAGCTCGTCCA-3', using
pEGFP-N I (Clontech) as e template. These sequences
contain f1r'ndIII and SpeI sites (underlined sequences),
respeclively. The amplified products were confirmed by
subcloning and sequencing.
Retinas were bomogenized with a polytron (20s'
3000 rpm) in a lysis butrer containing lomM Tris-HCl
pH 7.4, I mM ethylenediaminetetraacetic aci4 250mM su-
close, pepstarin A (5 pelml), antipain (5 F g/ml), letpeptitr
(5 pelml) and 0.25mM PMSF. Protein amount was quan-
tified with a protein assay kit (Bio-Rad). Pmt€in sanples
(25 p,g each) were electrophoresed under reducing condi-
tions on 12% polyacrylamide gels in the presence of SDS and
transfer€d onto Hybond{ nitrocellulose membrane (Amer-
shan Biosciences). The membrane was incubated with mon-
oclonal mouse anti-EGFP antibody (l:5000, Chemicon In-
temstional) or rabbit anti-rhodopsin (l:2000, Cosmo Bio)
for I h at room temperatw€. Blots were then incubated with
horseradish peroxidase-linked anti-mouse or anti-rabbit IgG
conjugates ( I :5000, Amersham Biosciences) for I h at room
temp€rsture. After washing, proteins were visualized with
the ECL detection syslem (Anersham Biosciences).
The mouse rhodopsinpromoter-EcFP hybrid gene (Rtrod-
EGFP; see Fig. lA) was miffoinjected into fertilized eggs as
described fl31. Seven out of 22 newbom mice were found
to carry the transgene, 8s detected by PCR analyses using
prinen for the EGFP and SV,$ genes. Founder mice were
mated with ICR mice (Cbarles River) to obtain littermates.
Tlvo lines (la and 35) of mice expressing the transgene in
the retina were finally selected All dara represented in this
paper were derived from line-I4 transgenic mice, however,
the reproducibility of the data was confirmed using lin+35
mice. All procedures with mice were performed in compli-
ance with the ARVO Statement for the Use of Animals in
Ophthalrnic and Msion Research.
To clarE the developmental regulation of EGFP expres-
sion, retinal extracs prepared from transgenic mice of vari-
ous ages (P6-P20) were examined by Westem blot anslyses.
In the transgenic retin4 a band corresponding to EGFP was
first detect€d at Pl2 and gndually increased to P20 (Fig. lB)-
Since the promoter activity ofthe rhodopsin gene is stong, by
intxoducing sn extra copy ofthe promoter, expression ofen-
dogenous rhodopsin may be downregulated. Since a potetrtial
downregulation of endogenous rhodopsin gene expression
may alter the physiology of the retina and make the mouse
less useful for the future studies, we tested for rhodopsin ex-
gession by Westem blot analysis and compared expression
level with wild-type rrice. In wild-type retinal homogenates'
endogenous rhodopsin was initially detected at P8 and Sradu-
ally increased until P20 (Fig. lB). The developmental course
of endogenous rhodopsin expression in the trsnsgenic reti-
nas was essentially similsr to thst in the \r'ild-type retinas.
Next, rhodopsin expression in the retinas of aged mice were
examined (Fig. lC). At P49 and P98, there were no signif-
icant differences in the lwels of rtodopsin expression be-
tween transgenic and wild-type retinas. In addition' EGFP
expression in the transgenic retitrr was not attenuated in the
transgenic mice ofP49 ,nd P98.
ln ord€r to determine the cellular localization of EGFP
expression, whole mounted retinas of transgenic mice
were examined by fluorescence microscopy. At P7 in the
hematoxyli+osin staining (Fig. 2A), retinal layers were still
not clesr and retina was essentially composed ofneuroblas-
tic c€ll mass. At this stage, EGFP fluorescence was not ob'
served in any regions of the tralsgenic retina (Fig. 2B)' At
Pl4, the outer and inner sepens of rod ceUs, outer nu-
clear, outer plexiform, inner nuclegr, inner plexiform and
ganglion cell layers were cleady distinguished (Fig. 2C)'
indicatiry that differentiation of the retinal cells was es-
sentially completed At this stage, a faint fluorescence by
EGFP was already det€ctable in the transgenic retinal layen
(Fig. 2D). At P28 (Fig. 2E) and P42 (Fig. 2F), the stsongest
EGFP fluoresc€nce was observed in the outer nuclear layer
where the rod-photoreceptor cell bodies are densely located.
This is also in good agreement with the fact t}nl 97.2%
of the cells in the outer nuclear layer are composed of rcd
cclls in mouse retina [2]. EGFB a cytosolic small pro-
tein of 27 kDa, can readily diftlse into any slaces where
the cytosolic connections exist [5]. Consistent with this,
EGFP fluorcsc€nce was observed also in the outer plexi-
form layer, outer and inner segments where cytosolic con-
nections with rod-photorecspto!':':!! b'-'4i':: :',:-- :::'.1:':::-..l
Hind lll
l,t0
(Fig. 2E and F). Fmm the rcsults offluorescence microscopy,
it appen that the l.+kbp fiagment ofthe mouse rhodopsin
promoter corrcctly drives EGFP expression in rhodopsin-
producing neuons. Sinc€ photoreceptor-sp€cific tansgene
expression often leads to retinal degeneration [20], we next
examined retinal morphology of old transgenic mice. The
retinal layers of P5,10 transgenic nice were not altered as
compared with their nontransgenic littermste (Fig. 2G and
H), indic*ing that long-tem! high levels of EGFP expres-
sion have no deletgrious effect on the mouse retina. Similar
results in the beta-actin promoter{riven EGFP ransgenic
mice were recently reported [2 I ]. In additioq EGFP expres-
sion in the rainas of P540 rarsgenic mice were still strong
(Fig. 2I).
Sweral lines of evidence bave indicated that €r(tmrcti-
nal photor€c€ption by the pineal complex influencos the cir-
cadian rnythm in msny vertebrates. It has b€en reported
that the mouse pineal organ, cspocially pinealocytes, con-
tains authentic rhodopsin nRNA snd proteins [4]. Ther€-
fore, we next investipted the EGFP expression in pineal
rcgions of the transgenic mice. Fluorescence microscopy
of frozen brain section at the lsr'el of the pineal region
shorved EGFP expression in the pineal stalk but not in
tbe pineal body nor in the habenular commissure (Fig. 3).
This is not suprising, since EGFB a cytosolic small pro'
tein, could easily diffise from neuronal cell bodies (pinealo'
cytes) to the pinesl stalk where its neural axons are densely
located.
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Fig- l. (A) S.hcrDitic r€prEseotatiod oftbe hou!. rhodoFi! promoter-EcFP fi$ion gene Gnod-EGFP) rrs€d for 
'r|icroinjec-tioo- 
The l.+kbp Sa/l-HhdIlI
i'agme of rhc mourc rtodopoin portrotcr, the 0.75-tbp }/indfllJPsl ftsgment of EGFP cDNA, rnd thc I.6kbp ,grl-rcoRl fiagmcdt of thc Sv4O itr-
Eon/polyldcnylatioo siglsl were ligarcd rcqucntially i! rhc con€ct oricutrrioo. Thc rc$ltstrt tybrid Senc (3.75 kbp) rcFraicd eom dle pBlu€Scripl SK minus
(suaiagcnc) bv sall sort /vod wss us.d for microiojcc'tion. Po6itioDr ofPCR prim€|rs for mouc. scr€ediug dr hdicrt€d by arrovs. (B) we3tctu blot aaalys€s
ot rai-f p."t"in o*"" ftoru tnDrgedc Og) or wild-gF (w) micc of .gc P6-P20 using aDti-mFP .|rtiMy (upFr) or anri{todopoir antiMy (niddle
aad towcri. (c) wcscm blot atlalyrca of Etio.i prot€in extr&B frorn wild-tyF 0v) o( rrn3gcnic CIg) nice of 6gr P49 md P98 using r i{Mo'pdh aDtibody






frodoputo, the G-protein-coupled liSht rec?tor' is ex-
pressed specifically in the rod photor€ceplor cells of the
retina and plays an essential role in visual fimction [8,1 I 
' 
16].
Photor€ceptor-specmc tanscription of the rhodopsin gene is
mediated by multiple cis-acting elements in the proximal pro
moter region u9]. Althougb many trenscription factors may
be involved in the rhodo,psin gene expression, NRL (zeural
retina /eucine zipper) and CRX (cone rod homeobo.r) pro
teins arc cun€ntly thought to play central roles in the photore-
ceptor c€ll-sp€cific expression of the rhodopsin gene; NRL
and CRX both positively regulate the rtodopsin gene o<-
pression, and wben expressed together they synergistically
activate rhodopsin gene transcription [7,19,23]. The irpor-
tance ofNRL and CRX proteins in visual fimction was con-
firmed by the findings ofmissense mutations ofhuman NRL
and CRX gen€s in autosomal dominant retinitis pigmentosa'
cone-rod dystsophy-Z and Lrber congenial amaurosis' all of
which ultimately lead to the loss of vision [3'25'26]. Fur-
thermore, NRL- and CRx-lnockout mouse studies [10,18]
have clearly shown that NRL and CRX prcteins are both es-
sential for rhodopsin gene exgession in photor€ceptor cells
as well as photorer€ptor cell development in vivo. The l.'l-
kbp fiagnent ofthe mouse rhodopsin gene promoter used in
th€ present study contains the DNA sequence elemellts that
bind to NRL and CRX proteins. It is, therefore, reasonable
to assume that NRI- and CRX proteins act synergisticsUy to
induce EGFP gene expression in the photoreceptor cells of
Rhod-EGFP transgenic mice.
A.M. Icttsn et al. / Neootcierce ktten 379 ONs) I3E-143
Fig. 2. Morphologr.rd fuorEscrnc. ilrrgcs ofmousc rctims. Thc eyebolls wcrE cmbeddcd in TissueTek (Slku'! Finct chtic.l) utd tozcn h hcxtle with dty
ice--rceton€. Cry;td sactioor of Gpm thickncss wcr! stlincd with hemrtorylh snd rosin. For cvrluation of thc fluorrscrnt inrigc of ECFP. ttc sarid scctions
were cxamircd by f uorcsccrrcc rnic.osc-oF @EITZ DMR, Lcic.) wi6 light d 48t rm fo! excitttion. H€tnliorylirts{sir stdting Aom tr$sgenic micc of P7
(A), pl4 (C), p5io (H).ttd from pi,to s,ild-ryF mousc (C). Thc oth6 microgrphs shoe EGFP fuorrsccncr (Fccn) fiDrn rusScnic micc ofP? (B)' P14 (D),
iZii (E), pAZ 
€) 
"oa 
pS,lO (D. Retinal hyers-idiclted ar€: neuobl.stic c€ll rnrss (NB), oute! s€gncnt (OS) and inncr s€gnent (IS) ofPhotorcccPtor cells'
ourer nlrclear layer (oN), outer pleriform lsycr (oP), iDner Duclear lsyer 010, imcr ptcxiform lay€r (lP) snd gsnSlion call lq€r (Gc).
ln Western blot analysis of retinal homogenates, the en-
dogenous rtodopsin was initially detected 8t P8, however,
EGFP was initially detected at Pl2 (Fig. lB). The reason
for this significant delay in the detection of th€ EGFP as
compared with the endogenous rhodoptin is at pr€sent not
clear. A possible explanation for this is that the I .4-kb mouse
rhodopsin promoter lacks s'-upstre3m cis-acting DNA ele-
ments that ar€ nec€ss8ry for very eady expression ofthe gene.
Although delaye4 fluorescent microscopy showed prop€r
spatiel pattems ofEGFP expression at least until P5'10.
ln transgenic Xenopas and zebrafish, GFP had been ex-
pressed by their own rhodopsin gene Prcmotsrs- ln trans-
gaic Xenopus, GF:P was localized most strongly to the inner
segment but also in the outer segment and synaPtic terminal
u5l. In transgenic zebrafish" EGFP was spocifically local-
ized to the outer nuclear layer and rod outer segments [14].
These results are in good ageement with the present trans-
gedc mouse results in which EGFP was localized to the outer
nuclear layer, the outer plexiform layer, the inner and outer
segmenb.
Il the aansgenic mice expressing GFP under the control
of the buman red/green opsin gene 5'-promoter sequences,
the fluorescent retinal cells were visualized as ealy as on
embryonic day (E)15 and incrcased dramatically at PGPT
[9]. The time course of GFP expression by the red/green
opsin gene promoter is much esrlier as compared with our
transgenic mice. This phenomenon can be explained by
much esdier developmental nature of cone cells (peat at
E 1,1-El5) as compared with that ofrod cells (peak 8t P3-P4)
[17].
Until now a considerable number of transgenic mouse
studies that utilize the rhodopain gene promoter for rod-
specific gene exprcssion have been r€ported 8nd character-
rzed 120,27,29,301. Howwer, no transgenic mice bas been
reported which expresses genuine EGFP controlled by the
rhodopsin promoter. Very recentln the knock-in mice whose
native rhodopsin gene has been replaced with the correspond-
ing human gene modified to encode an EGFP fusion at the C
terminus ofrtodopsin [6]. Tte knocked-in human rhodopsin-
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Fig. 3. Plain (A) and fluorescence (B) funages ofsagittrl brain section of
the transgenic mousc at the levcl ofthe pineal complo(. EGFP fluorcscencc
(arrows)was detectod in the pineal stalk@S)butnotin ftepineal body@B)
nor in the habenular commissurc (HC). Scale bar indicates 250 pm.
tribution of wild-type rhodopsin in heterozygotes and served
as a sensitive re,porter ofrod-cell stnrcture and integrity. How-
ever, in homozygous knock-in mice the gene induced pro-
gressive retinal degeneration bearing many of the halLnaxks
of recessive retinitis pigmentos4 suggesting certain toxic-
ity of the rhodopsin-GFP fusion protein. This is in contast
to our results that EGFP alone showed no toxic effects af-
ter the long-term, high lwels of expression in the mouse
retina.
This transgenic mouse has several practical advantages.
Since the rhodopsin g€ne expression closely influences
photoreceptor cell function as well as cell viability [1],
rhodopsin gene promoter activity in vivo can be a good
marker for assessing cellular functions and the viability of
retinal photoreceptor neurons. In retinal transplant studies
in which donor cells should be distinguished from recipi-
ent cells, this trnsgenic mouse will be useful as a source of
functional photoreceptor cells that are fluorescent green. ln
addition, multipotent cells such as bone rnarrow and nerve
stem cells are nolv widely used in differentiation studies to
generate functional photoreceptor cells in vitro and in vivo
[22]. If stem cells from the Rhod-EGFP mice are employed
the expression of EGFP in the differentiating cells would
provide presumptive evidence for differentiation along a rod
pathway.
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